Introduction
Polypyridine complexes of a wide range of transition metals have received great interest from coordination chemists and materials scientists over the last few decades due to their versatile applicability. For example, such complexes of copper(I), [1] [2] [3] iron(II), [4] [5] [6] osmium(II), 7, 8 iridium(III) 9, 10 and, particularly, ruthenium(II) [11] [12] [13] [14] [15] [16] [17] [18] [19] were successfully applied as sensitizers in dye sensitized solar cells. Additionally, a wide range of complexes of this type have been successfully used as sensitizers in photoredox catalysis. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Moreover, the most fascinating and thoroughly studied property observed for a large number of polypyridine transition metal complexes is their luminescence. 32, 33 The first polypyridine complex reported to exhibit luminescence was [Ru(bpy) 3 ] 2+ (bpy = 2,2′-bipyridine). 34 Since then, luminescent polypyridine complexes have been described for second and third row transition metal ions with d 6 , d 8 and d 10 electron configuration, [35] [36] [37] namely for rhenium(I), [38] [39] [40] [41] osmium(II), [42] [43] [44] [45] rhodium(III), [46] [47] [48] iridium(III), 41, 42, [49] [50] [51] palladium(II), 52 platinum(II), [52] [53] [54] [55] [56] [57] and gold(III). 58, 59 Even a few luminescent first row transition metal polypyridine complexes are known of chromium(III), [60] [61] [62] [63] [64] copper(I) [65] [66] [67] [68] [69] [70] [71] and zinc(II). 72 As such luminescence was first observed for ruthenium, most of the effort understanding the underlying electronic processes evolved around this element and in particular around [Ru(bpy) 3 ] 2+ as the prototype. [73] [74] [75] Its key features are an electron-rich low-spin d 6 metal center with (t 2g ) 6 electron configuration in idealized O h symmetry and strongly π-accepting chelate ligands. Upon irradiation with visible light (λ max = 452 nm), 73 [Ru(bpy) 3 ] 2+ is excited into its lowest excited singlet state which has metal-to-ligand charge transfer (MLCT) character. [76] [77] [78] As MLCT transitions are not restricted in terms of parity selection rules, the corresponding absorption bands are typically very intense. Due to the spin-orbit coupling induced by the ruthenium atom, the excited 1 90, 91 This general scheme for [Ru(bpy) 3 ] 2+ is applicable to other ruthenium polypyridine complexes as well. It enables a finetuning of their emissive properties by manipulation of the 3 MLCT energies via introduction of functional groups or extension of the aromatic backbone of the pyridine ligands. 75, [92] [93] [94] [95] [96] This allowed the design of specifically tailored complexes for luminescent sensing applications 97, 98 and for optoelectronics. [99] [100] [101] [102] The concept was successfully transferred to polypyridine complexes of other transition metals. For example, cyclometalated polypyridine complexes of iridium(III) proved to be exceptionally well suited for PHOLED applications as their room temperature emission is typically very intense and can be tuned throughout the visible range of the electromagnetic spectrum. 41, [103] [104] [105] [106] Cyclometalation hereby refers to the exchange of one or multiple nitrogen atoms of the polypyridine's coordination sphere by isoelectronic carbon anions. This substitution typically yields a reduction of the overall charge of the complex moiety as well as a substantial shift of all redox processes to lower potentials. Due to the fact that the isoelectronic cyclometalated complexes of ruthenium(II) perform very well as sensitizers in dye sensitized solar cells, they have also received increasing interest in the last years. 16, 17, 19, [107] [108] [109] Additionally, cyclometalated bridging ligands enhance the electronic coupling between the redox centers in mixed-valent Ru/Ru complexes [110] [111] [112] and Ru/organic hybrid structures. [113] [114] [115] [116] Despite the large variety of cyclometalated polypyridine ruthenium complexes synthesized up-to-date, however, no phosphorescence comparable to [Ru(bpy) 3 ] 2+ has yet been achieved. Furthermore, a general explanation for the striking difference in the luminescence
Christoph Kreitner
Christoph Kreitner is currently working on his PhD thesis in the research group of Prof. Dr Katja Heinze at the Johannes Gutenberg-University in Mainz, Germany (since 2013). There, his research focusses on the synthesis and understanding of new cyclometalated ruthenium complexes and their application in dye-sensitized solar cells. He studied chemistry at the Johannes Gutenberg-University in Mainz, Germany where he received his diploma degree in 2012. During his studies he spent one semester at the University of Toronto, Toronto, Canada (2010/2011), working in the Department of Inorganic Chemistry in the group of Prof. Douglas W. Stephan on Frustrated Lewis Pairs and their reactions with lactones and lactide. For his PhD thesis, he received a scholarship of the Graduate School of Excellence "Materials Science in Mainz" (2013) and became junior member of the Gutenberg Academy of the Johannes Gutenberg-University Mainz, Germany (2014). His research interests particularly aim at the understanding of electron and energy transfer as well as optoelectronic mechanisms in molecular systems.
Katja Heinze
Katja Heinze is professor of organometallic and bioinorganic chemistry at the Johannes Gutenberg-University of Mainz, Germany. After receiving a diploma degree (1995) properties between the isoelectronic cyclometalated complexes of iridium(III) and ruthenium(II) is still missing. [117] [118] [119] Hence, this issue will be addressed in this perspective. We will discuss the excited state deactivation processes of cyclometalated polypyridine complexes beyond the 3 
).
presented (vide supra). However, deeper interest in the photophysical properties of cyclometalated (polypyridine)ruthenium(II) complexes did not evolve until the discovery of their excellent performance as solar cell sensitizers in 2007. 16 Since then, more effort has been put into the understanding of the photophysical properties of this class of compounds. 107, 109, [117] [118] [119] 127, [133] [134] [135] The visible range of the absorption spectrum of [Ru(bpy) 2 ( ppy)] + -type complexes typically is dominated by two broad structured absorption bands, one appearing between 320 and 450 nm and the second between 470 and 650 nm. 107, 127, [133] [134] [135] The broadness of the visible range absorption features has been attributed to the low symmetry around the metal center which breaks the degeneracy of the metal's d orbitals. Additionally, the lowest unoccupied molecular orbital (LUMO) of the ppy unit (LUMO+2) is substantially higher in energy than the bpy LUMO (Fig. 2) . Hence, Berlinguette and coworkers assigned these bands to Ru → ppy (at 400 nm) and Ru → bpy (at 500 nm) MLCT transitions. 3, 107, 127, 135 Grätzel, however, suggested that all visible range absorption bands predominantly arise from Ru → bpy MLCT transitions with varying contributions from the highest occupied molecular orbital (HOMO) of π-symmetry at the cyclometalating phenyl ring. 17 Indeed, the theoretical data published by Berlinguette 107 show that all Ru → ppy transitions are weak in intensity and do not contribute to the absorption spectrum which supports Grätzel's interpretation.
Additionally, the shift of the absorption bands induced by the functional groups attached to either the ppy ligand or the bpy units further underlines Grätzel's assignment of all bands as Ru → bpy transitions. 3, 107, 127, 135 For most tris(bidentate) complexes of this type, weak room temperature emission in the range between 720 and 820 nm is reported (Table 1) . 107, [127] [128] [129] 133, 135 Scheme 1) with functional groups in meta-position to the cyclometalating carbon atom, the emission energy decreases with increasing electron donating strength of the respective substituent as this destabilizes the metal d orbitals (Table 1) . 128 Similarly, functionalization of the bpy ligands with electron accepting substituents such as COOR groups shifts the emission bathochromically as a consequence of the lowered LUMO energy (Table 1) . 133 However, missing lowtemperature emission data (λ em , ϕ, τ) currently impede a quantification of the respective effects.
To the best of our knowledge, no quantum yields have been determined neither at room temperature nor at 77 K for any of the reported tris(bidentate) cyclometalated complexes due to their very weakly emissive character and the associated instrumental limitations. 127, 128 Castellano and coworkers estimated the phosphorescence quantum yields to be ϕ < 0. [86] [87] [88] Secondly, a more pronounced distortion of the 3 MLCT excited state compared to the ground state geometry increases the non-radiative decay rate as it results in a higher Franck-Condon overlap of the vibronic wavefunctions of the ground and excited state. [86] [87] [88] 127, 146, 147 Indeed, inspection of the DFT-optimized geometries of the 3 MLCT and 1 GS states reveals a sizable distortion of the former (Fig. 4 ) allowing for an efficient radiationless deactivation. This distortion is mainly localized at the bpy ligand trans to Ru-C. The Ru-N2 and Ru-N3 bonds are significantly elongated as a consequence of the formal oxidation of ruthenium to +III in the 3 MLCT state and the trans influence of the cyclometalating phenyl ring. However, while the Ru-N2 and Ru-N3 bonds are elongated, the formal negative charge on the second bpy ligand ). The shape of the singlet potential energy surface is estimated from the DFT-calculated triplet-singlet energy differences at the various excited state geometries.
compensates the repulsion yielding essentially unaltered Ru-N4 and Ru-N5 bond lengths.
In summary, the high energy of the 3 MC state is very favourable for efficient emitters because it eliminates one pathway for exited state deactivation and concomitantly prevents photodecomposition reactions, that typically occur from the dissociative 3 MC state. 90, 148 However, in order to increase phosphorescence quantum yields of cyclometalated ( polpyridine)ruthenium, radiationless deactivation via vibronic coupling has to be suppressed. This can be approached in two ways: the distortion of the 3 MLCT state compared to the 1 GS has to be reduced and the emission energy has to be blueshifted as far as possible. Chou and coworkers provided a beautiful example successfully implementing both approaches. 130 Clever molecular design yielded systems with Ru → ppy MLCT states as lowest triplet excited states. This is straight-forwardly accomplished by making the cyclometalating ppy − ligand the strongest π-acceptor in the complex. Chou and coworkers achieved this with carbon monoxide and phosphanes which are rather poor π-acceptors towards Ru II in biscyclometalated complexes of the type Ru(bq) 2 (CO)(PPh 2 Me) 3 (bqH = benzo-[h]quinoline, Scheme 1). 130 As the LUMO of bq − is much higher in energy than that of bpy (Fig. 2) 107 assigned the high energy MLCT band to Ru → dpb transitions and the low-energy band to Ru → tpy excitations based on relative orbital energies of the lowest π*-orbitals of the respective ligands (Fig. 2 ). Schubert and coworkers 117, 151 on the other hand assigned the low-energy band to mixed MLCT and ligand-to-ligand charge transfer (LL′CT) transitions essentially undistorted compared to the ground state with only a small displacement of ruthenium towards C1 and a concomitant elongation of the Ru-N3 bond, the 3 MLCT state exhibits substantial distortions within the tpy ligand. It is inclined with respect to the plane perpendicular to the dpb ligand by 12° (Fig. 5) . At the same time the Ru-C and Ru-N5 bonds are slightly elongated while the Ru-N2 bond shortens (Fig. 4) . In the 3 MC state on the other hand, the peripheral pyridine rings of the tpy ligand are tilted away from the metal center forming dihedral angles of about 11°with the central pyridine ring, respectively. Furthermore, the all Ru-N tpy bonds Ru-N1, Ru-N3 and Ru-N4 are substantially elongated (Fig. 4) underlining the dissociative character of the 3 MC state.
The calculated relative energies of the triplet states (Fig. 5 ) of the respective states are given in parentheses relative to the 3 MLCT state (E = 0 kJ mol
). The shape of the singlet potential energy surface is estimated from the DFT-calculated triplet-singlet energy differences at the various excited state geometries. one around 400 nm, and a second around 500-600 nm. Again, the low-energy band is composed of MLCT transitions both involving the tpy and the cyclometalating ligand. However, the π* orbital of the coordinating phenyl ring (LUMO+3) is not involved in any of the low-energy transitions, as its energy is substantially higher than the frontier orbitals (Fig. 2) . 107 Due to the near-degeneracy of the three lowest unoccupied orbitals (LUMO-LUMO+2), the absorption band at 500 nm is markedly sharper than that of [Ru(dpb)(tpy)] + and [Ru(bpy) 2 ( ppy)] + complexes. The feature around 400 nm is dominated by an intense Ru → phenyl (LUMO+3) transition (Fig. 2) . 107 Unfortunately, accounts on emission properties of these [Ru(tpy)( pbpy)] + complexes are very limited. 107, 134, 137, 164 A few examples are summarized in Scheme 3 and arises from a Ru → ( pbpy-COOR) 3 MLCT state. This is accompanied by an altered energy ordering of the lowest unoccupied orbitals and reflects their energetic similarity (Fig. 2) . This example highlights that in [Ru(N^N^N)(N^N^C)] + type complexes Ru → N^N^C 3 MLCT states are obtained by tuning the respective frontier orbital energies of the ligands. However, the cyclometalating phenyl ring does not contribute as π-accepting moiety and the excited electron is entirely localized on the bipyridine fragment of the pbpy ligand. Consequently, the phosphorescence efficiency is not affected significantly (Table 4) . Interestingly, Berlinguette and coworkers reported on a series of [Ru(tpy)( pbpy)] + based complexes with diarylamine groups appended via a thiophene linker such as [8b] + . These are highly emissive (quantum yields in the range of 0.1-0.3) in some cases, but emit at much higher energy than typically observed for these complexes. 164 In fact, the analogous thiophene substituted complex [8a] + without the diarylamine functionality lacks the strong emission. 134 However, Berlinguette showed that the emissive behaviour of [8b] + actually arises from a singlet intraligand charge transfer state ( 1 ILCT) involving the diarylamine unit as electron donor and the polypyridine moiety as electron acceptor. 165, 166 An identical emission energy was observed for the free ligand with even higher fluorescence quantum yields (ϕ = 0.91, τ = 3.4 ns) explaining the untypically high emission energy and quantum yield of [8b] + . [164] [165] [166] To (Fig. 4, 5 and 6). In fact, a similar distortion of the tpy ligand with an offset central pyridine ring is found in both cases (vide supra). Additionally, the bond length changes of the 3 ). which is very prone to such reactivity. 90 We will devote future work into elucidating these predictions.
In conclusion, it does not suffice to reduce the molecular symmetry and circumvent the parasitic 3 (path C). This might be achieved by shifting the LUMO to higher energies and making the π* orbital of the cyclometalating moiety the acceptor site of the lowest 3 MLCT state. At the same time, a lower excited state distortion would shift the energy of the 3 MLCT → 1 GS MECP to higher energies as well.
This could potentially be accomplished by a combination of a very weakly π-accepting spectator ligand with a cyclometalating ligand that also contains a weakly π-accepting site such as an N-heterocyclic carbene. 167, 168 Experimental section
Density functional theory calculations DFT calculations were carried out using the ORCA program package (version 3.0.2). 169 Tight convergence criteria were chosen for all calculations (Keywords TightSCF and TightOpt). All calculations were performed using the hybrid functional B3LYP 170 and employ the RIJCOSX approximation. 171, 172 Relativistic effects were calculated at the zeroth order regular approximation (ZORA) level. The ZORA keyword automatically invokes relativistically adjusted basis sets. 173 To account for solvent effects, a conductor-like screening model (COSMO) modelling acetonitrile was used in all calculations. 174 Geometry, transition state and minimum energy crossing point optimizations were performed using Ahlrichs' split-valence double-ζ basis set def2-SV(P) which comprises polarization functions for all non-hydrogen atoms. 175, 176 Optimized geometries were confirmed to be mimina or first-order saddle points by subsequent frequency analysis (n imag = 0 or 1, respectively). Surface crossing geometries were subjected to SurfCrossNumFreq calculations to confirm that they are minima in the 3N-7 dimensional subspace excluding the surface crossing reaction coordinate. Computed free Gibbs enthalpies were used to compare the relative energies of all structures. Explicit counterions and/or solvent molecules were not taken into account in any case. only marginally distorted compared to the ground state geometry. We suggest that these findings apply to the analogous ruthenium complexes potentially opening a route to highly luminescent near-IR emitters. However, since only very few bis (cyclometalated) polypyridine ruthenium complexes are known so far 130, 162, 163 and none of them contain tridentate ligands, the synthesis of Ru(dpb)( pbpy) and Ru( pbpy) 2 complexes might be challenging. We will devote future work to the design and synthesis of ruthenium-based emitters with cyclometalating ligands to improve and exploit their excited state properties.
